Abstract
A supply of bioavailable nitrogen (N) in the form of nitrate (NO { 3 ) is important for primary production and carbon export to the deep ocean (Eppley and Peterson 1979) , and understanding the oceanic nitrate budget is essential to understanding past, present, and future ocean productivity (Codispoti et al. 2001) . Stoichiometry-based geochemical estimates of the oceanic nitrate budget often return a nearly balanced budget, albeit with large uncertainties (Gruber and Sarmiento 1997; Gruber and Galloway 2008) . Construction of an oceanic nitrate budget based on d 15 N (d 15 N (%) 5 ( 15 N / 14 N sample 4 15 N/ 14 N standard 2 1) 3 1000) leads to a budget with sinks (burial, denitrification, and anammox) far outweighing the sources (N fixation, continental runoff, and atmospheric deposition; Brandes and Devol 2002; Deutsch et al. 2004) . Because sedimentary records are inconsistent with such an imbalance (Deutsch et al. 2004; Altabet 2007) , this prediction demonstrates gaps in our understanding of the oceanic nitrogen budget and its isotopic systematics.
Since the development of the denitrifier method for isotopic analysis of nitrate (Sigman et al. 2001; Casciotti et al. 2002) , many studies have focused on the use of coupled N and oxygen (O) isotopes in nitrate to help constrain oceanic N cycling and the nitrate budget. (Sigman et al. 2005) . Water column denitrification, sedimentary denitrification, and nitrate assimilation are processes that fractionate N and O isotopes equally (Granger et al. 2004; Granger et al. 2008 ), but nitrate regeneration can decouple the N and O isotopes in nitrate ). During nitrate uptake and regeneration, N atoms are recycled between fixed N pools, while O atoms are removed, then replaced by the nitrification process. Therefore, while the N isotope budget is sensitive only to input (nitrogen fixation) and output (denitrification) processes, the O isotopes in nitrate are sensitive to internal cycling (assimilation, regeneration, nitrification) as well. To determine the relative amounts of water column denitrification and sedimentary denitrification using the d 18 O values of deep ocean nitrate, it is necessary to account for the nitrate d 18 O variations caused by internal cycling, and a key parameter here is the d 18 O value of nitrate produced by nitrification (d 18 O NO 3 ,nit ). The microbial process of nitrification is carried out in two main steps: ammonia oxidation to nitrite, followed by nitrite oxidation to nitrate (Fig. 1) (Bender 1990 (Casciotti et al. 2002; Early studies of ammonia oxidation suggest that a large amount of oxygen isotope exchange may occur between nitrite and H 2 O, consistent with a loss of the primary O 2 signal (Dua et al. 1979; Andersson et al. 1982) . Therefore, efforts to use d 18 O NO 3 values as constraints on oceanic nitrogen cycling have generally assumed that d 18 O NO 3 ,nit is equal to that of seawater (near 0% vs. VSMOW) due to full equilibration of nitrite with H 2 O during ammonia oxidation (Casciotti and McIlvin 2007; DiFiore et al. 2009; ). However, equilibration between nitrite and H 2 O has recently been shown to involve a temperaturedependent equilibrium isotope effect between nitrite and H 2 O of +11% to +15% (Casciotti et al. 2007 ; C. Buchwald and K. L. Casciotti unpubl.) Buchwald and Casciotti 2010) .
Some recent experiments accounting for abiotic exchange have shown that ammonia oxidation is likely to retain a significant fraction of the O atoms incorporated from O 2 (Casciotti et al. 2010) . These experiments also demonstrated that isotopic fractionation associated with O atom incorporation during ammonia oxidation (Casciotti et al. 2010 ) and nitrite oxidation (Buchwald and Casciotti 2010) 
Methods
Culture maintenance-Three cultures were used in paired laboratory coculture experiments: Nitrosomonas sp. C-113a, a marine AOB isolated from the Red Sea (Ward and Carlucci 1985) ; CN25, an AOA enrichment from the California Current ; and Nitrococcus mobilis, a marine NOB isolated from the Galapagos Islands (Watson and Waterbury 1971) . Maintenance batch cultures of C-113a were grown in Watson medium (Watson 1965 ) with 10 mmol L 21 NH z 4 . The ammonia-oxidizing archaeal enrichment was grown in oligotrophic North Pacific medium consisting of 0.2-mm-filtered North Pacific surface seawater amended with 10-100 mmol L 21 NH 4 Cl, 1 mL L 21 chelated trace elements solution (Balch et al. 1979) , and 2 mg L 21 KH 2 PO 4 Coculture experimental conditions-Two types of coculture experiments were conducted in the laboratory: (1) cocultures of C-113a and N. mobilis and (2) cocultures of an ammonia-oxidizing archaeal enrichment (CN25) and N. mobilis (Table 1 5 +5000%) water. Cells for each CCE were harvested from maintenance cultures by filtration (200 mL for AOB and 10 mL for NOB, to achieve similar cell densities). Filtered cells were washed and resuspended in 8 mL of filtered artificial seawater, then added to the incubation bottles (1 mL per bottle). In CCE 4, three parallel treatments were carried out with AOB and three different volumes of NOB inoculum (1 mL, 100 mL, or 10 mL concentrated cell suspension), which yielded approximately 1.7 3 10 4 , 1.7 3 10 3 , 1.7 3 10 2 cells mL 21 , respectively. Each inoculum level was incubated with four different d
18 O H 2 O media, as described above. In CCEs 1, 2, and 4, subsamples of 15 mL were collected throughout the incubations to monitor changes in the concentrations of ammonia, nitrite, and nitrate over time (3-16 d) . In CCE 3 only initial and final (22 d) time points were collected.
The incubations involving AOA enrichments were initiated by splitting a 1-liter batch culture among eight different bottles, rather than filtering and resuspending the cells, which has a deleterious effect on AOA growth. Four of the eight bottles were inoculated with NOB, and four were incubated without NOB. For the incubations including NOB, 10 mL of N. mobilis cells were filtered, washed, and resuspended in 4 mL of filtered seawater, then injected into the four coculture bottles (1 mL per bottle). Vineyard Sound surface water was bucket sampled into 4-liter amber bottles, which were rinsed with sample water prior to filling and brought back to the laboratory to initiate experiments. In each of the first two Vineyard Sound experiments (FEs 7 and 8), three large (1 liter) bottles of natural seawater were incubated with 50 mmol L 21 ammonium but no 18 O-enriched water, and 12 smaller (160 mL) serum bottles were incubated with different amounts of 18 O-enriched water in addition to the added ammonium. Nitrification was never detected in the 160-mL bottles, and they will not be discussed further. In FE 9, 500 mL of water was incubated in four different Erlenmeyer flasks that each received 50 mmol L 21 ammonium and a different amount (0, 2.5, 5, or 10 mL) of 18 Oenriched water (d 18 O H 2 O 5 +5000%). In FE 9, 500 mL of sea water was also 0.22-mm filtered and then incubated with nitrite in a sterile flask with 10 mL of 18 O-enriched water to monitor abiotic exchange. All experiments were initiated by the addition of ammonium and then monitored and subsampled during conversion to nitrite and nitrate over a period of 50 to 84 d.
Successful incubations from the CRD were set up using water from the surface (2 m) and from the primary nitrite maximum (20 m) at one station (10u89N, 93u09W, Sta. 3) and the primary nitrite maximum (30 m) at another station (8u599N, 90u309W, Sta. 2). At each station and depth, whole water was collected from 100-liter Niskin bottles and split among eight 500-mL acid-cleaned clear polycarbonate bottles (to have duplicate incubations at each d
18 O H 2 O value). Four bottles were also set up as abiotic controls by 0.2-mm filtering water from the same depths into acidcleaned polycarbonate bottles. Each experiment received the 18 O-enriched H 2 O spikes and a starting ammonium concentration of 50 mmol L 21 and was subsampled over a period of 67, 113, or 98 d.
Nearly identical incubations were set up using water from the surface (2 m) and from just below the primary nitrite maximum (111 m) in the ETSP (10u09S, 89u599W). The main difference was that at each depth, two sets of eight acid-cleaned polycarbonate bottles were set up with lower starting ammonium concentrations (one set at 1 mmol L 21 and the second set at 5 mmol L 21 ). Bottles were subsampled periodically to check nitrite concentrations but were only sampled for d 18 O NO 3 measurements initially and after full conversion of ammonium to nitrate (180 d).
Concentration analysis-Ammonium concentrations were measured using the indophenol blue assay (Solorzano 1969) . Nitrite concentrations were measured using the Greiss-Ilosvay colorimetric method (Strickland and Parsons 1972) . Ammonium and nitrite samples were measured at wavelengths of 640 and 543 nm, respectively, on an (Sigman et al. 2001; Casciotti et al. 2002; McIlvin and Casciotti 2011 Fig. 1 ; Casciotti et al. 2010 Casciotti et al. , 2011 Snider et al. 2010) . The fraction of nitrite oxygen atoms exchanged with H 2 O during nitrite oxidation (x NO ) is generally negligible (Kumar et al. 1983; DiSpirito and Hooper 1986; Buchwald and Casciotti 2010) , while the exchange during ammonia oxidation (x AO ) is highly variable and dependent on organism and growth conditions (Dua et al. 1979; Andersson et al. 1982; Casciotti et al. 2010 ; Buchwald and Casciotti 2010) . The symbols are as defined above.
The first term in Eq. 
The first term represents the slope of the linear regression and is dependent on the fraction of O incorporated enzymatically from H 2 O (1/2) and x AO . If there is no exchange (x AO 5 0) a slope of 0.5 would be expected, and if there is full exchange (x AO 5 1) the slope would be 1 (Fig. 3a) . (Fig. 3b) . A slope of two thirds would indicate no exchange during ammonia oxidation (x AO 5 0), while a slope of 1 would indicate full exchange (x AO 5 1). 
Results
Nitrite accumulation in coculture incubations-Total incubation times for the laboratory coculture experiments (CCEs 1-6) ranged from 3 to 59 d, with little accumulation of nitrite (Table 1 ; Fig. 4a-c) . In the first three experiments (CCEs 1, 2, 3), with C-113a and N. mobilis, the ammonium was completely converted to nitrate within 6 d. Only a small amount (less than 2 mmol L 21 ) of nitrite accumulated in these experiments, for a maximum of 4 d. In CCE 4, where we manipulated the AOB : NOB abundance ratio, ammonium was oxidized fully to nitrate in 3, 7, or 16 d, depending on the N. mobilis cell density. In this experiment, ammonia and nitrite oxidation became decoupled at lower densities of nitrite-oxidizing bacteria, and increasing amounts of nitrite accumulated (1, 25, and 45 mmol L 21 ) at lower AOB : NOB ratios (Table 1 ; Fig. 4b ). In CCEs 5 and 6, with AOA and N. mobilis, it took 18-59 d for the ammonium to be consumed because of the slower growth rate of the ammonia-oxidizing archaea . These incubations had an initial nitrite concentration of 7 mmol L 21 as a result of carry-over from the AOA inoculum, which was oxidized to nitrate before the first time point (Fig. 4c) . Afterward, NOB maintained low levels (less than 1 mmol L 21 ) of nitrite in the medium, indicating that ammonia and nitrite oxidation were tightly coupled (Fig. 4c) Nitrite accumulation in field incubations-It took longer for field populations to fully oxidize the added ammonium, with incubations lasting for 50 to 179 d before complete oxidation was observed (Table 1 ; Fig. 4d-f) . In FEs 7 and 8 from Vineyard Sound, nitrite accumulated to 50 mmol L 21 before being fully oxidized to nitrate after 50-59 d (Fig. 4d) oxidation of ammonium to nitrate was completed within 84 d (Table 1) , and nitrite accumulated to a maximum concentration of ,52 mmol L 21 for as long as 53 d. In each of the Vineyard Sound experiments, the indicated durations may overestimate the true duration because sampling frequency was low near the end of the experiments. In the Costa Rica Dome, incubations were successful (nitrification was detected) at two stations (2 and 3). At Sta.
2, nitrification occurred in water collected from the primary nitrite maximum (FE 10), while the incubations at Sta. 3 were successful from both the surface (FE 11) and the primary nitrite maximum (FE 12). In FE 10, complete oxidation of ammonium to nitrate occurred in seven of the eight bottles, including at least one from each of the four d
18 O H 2 O values, and was completed in 79 d (Table 1) . There was a variable lag in initiation of nitrification among the Tables 2 and 3 and Fig. 5a . Nitrate concentration data for CCE 4 (removed for clarity) confirm N mass balance in the experiment. incubation bottles, and therefore the samples collected represent differing stages of nitrification. We also measured different amounts of accumulating nitrite (26 to 41 mmol L 21 ) and durations of nitrite accumulation (26-58 d), depending on when each subsample was collected. Figure 4e shows the time course for one of seven bottles that had complete nitrification. In the other two experiments (FEs 11 and 12; Table 1) ammonia oxidation to nitrite was detected in five or six bottles out of eight, respectively, including at least one from each of the four d
18 O H 2 O values. However, after ammonium was oxidized completely to nitrite no nitrate was produced in the subsequent 3 months (Fig. 4f) , so only information on ammonia oxidation can be taken from these two experiments.
In the ETSP the smaller amounts of ammonium (1 mmol L 21 or 5 mmol L 21 ) added to incubations from below the primary nitrite maximum were completely oxidized to nitrate within 31-179 d (Table 1) . Bottles were sampled infrequently for nitrite determination, so we do not know the exact amount and duration of accumulation; however, the maximum amount of nitrite accumulation would be 1 mmol L 21 or 5 mmol L 21 , respectively, based on the ammonium additions. After 17 d of incubation there was a small amount of nitrite , 0.2 mmol L 21 in some bottles from both 1 mmol L 21 and 5 mmol L 21 ammonium experiments below the primary nitrite maximum, indicating that it was likely that nitrification was occurring. These bottles had no nitrite left after 31 d. In the two surface incubations ammonium had not been completely oxidized to nitrate after 179 d, and they will not be discussed further. (Fig. 5b ) from 8 of 13 and 9 of 13 experiments, respectively (Fig. 2) In CCEs 1, 2, 4a, and 5,where nitrite was maintained at low levels, the amount of exchange measured was relatively low. Estimates of x AO from d 18 O NO 2 data ranged from 0.15 to 0.28 (Table 2) , which closely matched previous estimates for C-113a grown under similar conditions (Casciotti et al. 2010 18 O NO 2 was measured quite early in the experiment, and it was maintained at low levels for a short duration (3-5 d; Fig. 4a,c (Table 3 ). The isotope effect for O atom incorporation was very consistent among the AOB experiments (+21.4% 6 1.0%) and slightly lower in AOA experiments (+16.4% 6 0.6%; Table 3 ). Unfortunately, we cannot perform a statistical test between AOB and AOA experiments because there was only one AOA experiment in which 18 e k,O 2 + 18 e k,H 2 O,1 was measured. This combined isotope effect was measured in three field experiments (FEs 9, 10, 11) and showed a range of +11.4% 6 0.1% to +20.3% 6 3.1%. The low value was determined to be an outlier by Chauvenet's criterion, which is defined by the value being greater than two standard deviations from the mean (Taylor 1997 Fig. 5a ; Table 3 ), the isotope effect for H 2 O incorporation during nitrite oxidation ( 18 e k,H 2 O,2 ) could be calculated using Eq. 3. These values ranged from +0.8 to +27.2% (Table 3) . Laboratory experiments, all conducted with N. mobilis, gave 18 e k,H 2 O,2 values ranging from +5.8% to +12.4%, with an average of +8.6% 6 2.3%, which is lower than what was reported previously from monoculture incubations (+17.8% 6 4.7%; Buchwald and Casciotti 2010 
Oxygen isotopic exchange during ammonia oxidation-

Discussion
Nitrite accumulation and oxygen isotope exchange in the ocean-Our current estimates from coculture experiments, including those with AOA, indicate that biological equilibration between nitrite and H 2 O during ammonia oxidation is most likely less than 25% and that the biological equilibration between nitrite and H 2 O during nitrite oxidation is negligible. Field experiments generally showed higher levels of exchange (22-100%), which we attribute to abiotic processes that occur when nitrite accumulates in seawater. Although field experiments may not exhibit some biases of culture work, we suspect that the addition of NH 4 + , which was necessary to create a measurable signal in d 18 O NO 3 , perturbed the system into an unnatural state. Given the long containment in bottles, large accumulations of nitrite, and long lags before commencement of nitrite oxidation, we argue that the high exchange observed in field experiments most likely does not resemble the tightly coupled nitrification system occurring in much of the ocean.
Even in the coculture experiments the low levels of exchange could potentially be explained by abiotic, rather than biological, exchange. The rate of abiotic exchange is dependent on pH and temperature, and based on typical exchange rates at a seawater pH at room temperature (Casciotti et al. 2007 ; C. Buchwald and K. L. Casciotti Snider et al. (2010) , where large amounts of nitrite accumulated during nitrification in incubations of terrestrial and agricultural soils and they measured high amounts of exchange (up to 88%). While most of the ocean contains very little accumulated nitrite, ammonia and nitrite oxidation can become uncoupled in the primary nitrite maximum (PNM; Wada and Hattori 1971) , a region of locally elevated nitrite concentrations that frequently occurs at the base of the euphotic zone (Lomas and Lipschultz 2006) . Within the PNM, nitrite oxidation rates can be quite low, and nitrite may have long residence times, on the order of weeks to months (Dore and Karl 1996; C. Buchwald and K. L. Casciotti unpubl.) . Under these conditions, abiotic exchange between nitrite and H 2 O could be extensive, and much of the nitrate produced may have lost its primary d 18 O O 2 signal. Below the PNM, nitrite is generally held in low concentrations, with ammonia and nitrite oxidation tightly coupled. Under these circumstances, little abiotic exchange would be expected.
In addition to the PNM, a secondary nitrite maximum (SNM) occurs in areas of the ocean with low oxygen concentrations in intermediate waters, referred to as oxygen deficient zones (ODZs). The three major ODZs are located in the Eastern Tropical South Pacific, Eastern Tropical North Pacific, and the Arabian Sea. While they account for a small area of the ocean, they can have high nitrite concentrations (Codispoti et al. 1986 ) and a large effect on the oceanic nitrate isotope budget (Brandes and Devol 2002; Deutsch et al. 2004; ). Nitrification can also occur at the edges of an ODZ, where nitrite and oxygen coexist (Anderson et al. 1982; Ward et al. 1989; Casciotti and McIlvin 2007) . Here, too, the oxidized nitrite may have been strongly affected by equilibration. Depending on whether the majority of nitrification is associated with features such as the PNM and SNM, or in parts of the water column with tightly coupled ammonia and nitrite oxidation, oxygen isotope exchange may be more or less important in setting (Wankel et al. 2007; DiFiore et al. 2009; ). This value is constrained to be less than +2.5% (the average d 18 O value of deep ocean nitrate; Casciotti et al. 2002; Knapp et al. 2008; DiFiore et al. 2009 ) because processes consuming nitrate should cause 18 O enrichment in residual nitrate relative to the nitrification source (Granger et al., 2004; Granger et al., 2008 
